Fifty-seven per cent of all water supply systems in the Netherlands are controlled by model predictive flow control; the other 43% are controlled by conventional level-based flow control. The differences between conventional level-based flow control and model predictive control were investigated in experiments at five full-scale water supply systems in the first half of 2011. Quality parameters of the drinking water and energy consumption of the treatment and distribution processes were measured and analysed. The experiments showed that the turbidity values are 12-28% lower, and particle volume values 12-42% lower for the systems which are controlled by model predictive flow control. The overall energy consumption of water supply systems controlled by predictive flow control is 1.0-5.3% lower than conventional level-based flow controlled systems, and the overall energy costs are 1.7-7.4% lower. M. Bakker INTRODUCTION Automation of water supply systems Water utilities around the developed world started automating their water supply systems around the mid-1970s by installing and operating telemetry and Supervisory Control And Data Acquisition (SCADA) systems (Bunn ; Bunn & Reynolds ). Prior to this period, the treatment plants and pumping facilities were mainly operated manually. In the Netherlands, most small-scale water treatment plants (typically groundwater treatment plants serving on average 50,000 people, producing and distributing 6,000 m 3 per day) were automated extensively at that time, enabling unmanned operation. Unmanned operation in this perspective means that under normal operational conditions no manual actions of operators are needed for pressure and flow control. Therefore, both pressure control of the pumping stations and flow control of the water treatment plants were fully automated. At night and during the weekends, no personnel is present at the small-scale facilities since the automation systems were implemented. Small-scale water supply systems were automated extensively at an early stage due to two reasons. The first is that manually operating small-scale systems is labour intensive and therefore rather expensive. The second reason is that small-scale systems are rather simple systems: the treatment plants consist mainly of robust aeration and filtration steps, 1 Energy costs were calculated by multiplying the calculated energy consumption with the average energy costs per kWh. The tariffs are 0.08229 €/kWh during high tariff hours, and 0.04849 €/kWh during low tariff hours.
and also the distribution systems are rather straightforward.
Initially, the small-scale water supply systems were automated with relatively simple control loops: the set-point for the production flow was derived directly from the level in the reservoir. This level-based production flow control is simple and robust. However, this way of control results in variations in the production flow, which causes variations in the water quality. In the 1990s, the desire for more advanced control loops grew in order to achieve a more constant production flow.
Level-based versus model predictive flow control Principally there are two options for the automatic production flow control: level-based control and model predictive control. In level-based control loops (see Figure 1) , the production flow set-point is directly related to the level in the reservoir. The production flow set-point increases at a decreasing level in the reservoir, the set-point decreases at an increasing level. This set-point can be given as discrete commands to start or stop pumps or filters (based on fixed switch levels), or a continuous value for variable speed pumps. In general, the production flow set-point more or less follows the outgoing flow, with a time lag of 2-4 h.
The reservoir is merely used as a switching buffer, rather than a buffer to balance the variation in the distribution flow. The production flow varies and the maximum and minimum flow values of the production flow are comparable with the maximum and minimum flow values of the distribution flow (Bakker et al. ) .
A model predictive flow control algorithm (see Figure 2) consists of a short-term water demand prediction algorithm and a control algorithm. For production flow control, the prediction horizon is typically 24-48 h (Bakker et al. ) .
An extensive review of concepts, methods and organizing principles of water demand prediction is presented by House-Peters & Chang (). The control algorithm calculates production flow set-points matching the predicted demand, under the condition that the level in the reservoir stays between a chosen upper and lower limit. The control algorithm can be configured to optimize various optimization goals, such as minimal changes in production flow, minimal energy use, minimal energy costs or a combination of them. In most cases, mathematical optimization techniques are applied in the control algorithm in order to find an optimum. However, if the optimization goal is formulated strictly (e.g., constant production flow), the optimum can be calculated directly by a deterministic model (Bakker et al. ) . Like level-based flow control, the setpoint can be either discrete switching commands for wells, filters or pumps, or a continuous value. In general, predictive flow control results in a constant production flow, where the reservoir is used to balance the fluctuations in the outgoing distribution flow (see Figure 2 ).
Application of predictive flow control in the

Netherlands
In this research all 10 Dutch drinking water utilities were interviewed to determine the penetration of predictive flow control in the Netherlands. The result of the interviews is that, at present, 57% of the total production flow is controlled by predictive flow control. The production flow of the other 43% of the systems is controlled by level-based flow control (see Table 1 ).
Objectives for predictive flow control
There are two main reasons to apply predictive flow control rather than level-based flow control. The first reason is that drinking water treatment plants perform better at a constant production flow rate. Keuning et al. () reported 20% lower values for turbidity and total hardness at a drinking water treatment plant, after the production flow control was changed from level-based control to predictive control. In studies by Gauthier et al. () and Vreeburg et al. (, ) , it was observed that the major part of the particle load in drinking water occurs as a result of peak flow and start-up procedures at the treatment plant. The occurrence of particles in the distribution network leads to discolouration events, which in England and Wales account for 80% of all customer complaints about drinking water quality (Husband & Boxall ) . Particles in drinking water are therefore a dominant factor in customer satisfaction regarding water supply.
The second reason to apply predictive flow control is the reduction of energy consumption and energy costs. Since the late 1980s, the near optimal control of water supply systems (pump scheduling of distribution pumps) to reduce energy consumption and costs, has been a topic studied by many researchers. Ormsbee & Lansey () and Brdys & Ulanicki () give good overviews of The dominant reason for most utilities in the Netherlands to implement predictive control, was the wish for a more constant operation of water treatment plants in order to get lower Although predictive flow control is widely applied in the Netherlands, the effectiveness of this method of control has never been studied in detail. This paper describes the results of research that was carried out to quantify the differences between level-based flow control and predictive flow control at five full-scale water supply systems in the Netherlands. This research considers both water quality aspects, as well as energy consumption and costs.
MATERIALS AND METHODS
Experiments at five full-scale water supply systems 
Water quality and production flow variation
The following water quality parameters were measured (sensors in the clear water main at the treatment plants):
• Turbidity (all systems), measured by Hach Lange 1720 turbidimeter/Endress þ Hauser CUR22 turbidimeter. ().
To assess the variability of the production flow, the production variation per day (PV d ) is defined as the sum of the (absolute values of) the difference between subsequent hourly average production flow values (P d,h ) divided by the total daily production:
A value of 10% indicates that, on average, the production flow changes on each hour with 10% of the average production flow of that day (d).
Energy consumption and costs
The specific energy consumption (kWh/m 3 ) as well as the percentage of the energy consumption during high tariff hours was analysed. In the Netherlands, the high tariff applies for each weekday from 7 am to 11 pm, the low tariff applies to all the other hours and at the weekends. At all the researched systems, one continuously measuring electricity meter was available at each water treatment plant and each service reservoir. Using measurements of flow, pressure and reservoir level, the measured energy consumption was divided into three main components: (1) abstraction/treatment, (2) transportation/distribution (clear water pumped in a transport main or towards a high reservoir) and (3) direct boosting (clear water pumped to customers in an area without a high reservoir): Figure 4 gives an example of a trend with both the measured energy consumption and the calculated energy consumption. The figure shows that measured and calculated values resemble each other well (R 2 ¼ 0.92), which indicates that the parameters were chosen well. Table 2 . Examples of the differences at system #4 are shown in Figures 1 and 2 , and for the other systems in Figure 6 . The graphs show that predictive flow leads to a lower variation in the production flow and a higher production flow rate at night (during low energy tariff) compared to level-based control. The observed differences in flow patterns and the use of reservoirs during level-based control and predictive control were distinct and comparable for each of the five water supply systems. Table 2 shows that the production variation with predictive control (1.2-7.6%) was lower than with level-based control (11.7-37.7%). This resulted in lower turbidity values of on average 17% at all five systems. Figure 7 shows the relation between production flow changes and turbidity at all locations. At all systems a relation was found between flow changes and turbidity, though the correlation was weak (R 2 values between 0.25 and 0.6). Especially at systems #1, #2 and #5 lower turbidity rates are valuable, because those systems have rather high turbidity rates.
Water quality
The experiments at the systems with particle counters installed (systems #1 and #4), showed that, on average, the values of particle volumes were 12-42% lower with predictive control compared to level-based control. This indicates that less variations in the production flow also results in lower particle volumes. The graphs of systems #1 and #4 in Figure 7 show a strong response of particle volume to production flow variations (high increase of particle volume after flow increase). However, the correlation of average values per day between production flow variation and particle volume is weak (R 2 values 0.13 and 0.37). Table 2 shows that the average specific energy consumption is 1.0-5.3% lower for predictive control compared to level-based control. This is the result of the fact that with level-based control the difference between minimum and maximum production flows is larger (see Table 2 ). The specific energy consumption (kWh/m 3 ) at high flows is relatively higher, because of the dynamic head loss components in the abstraction and treatment process, as well as in the transportation and distribution process. As a result, the average specific energy consumption is higher at varying flow rates. The hydraulic head loss occurs predominantly if the water is pumped over longer distances between abstraction and treatment plant, or for transportation. The distances in the examined water supply systems are indicated in Figure 3 . Figure 8 shows the differences in specific energy consumption for the discerned components of energy consumption.
Energy consumption
A second aspect is a shift of energy consumption from high tariff to low tariff hours at predictive control compared to level-based control (shift varying from 1.4 to 15.9%). This is caused by the fact that with level-based control the reservoirs are filled with too high flow rates during the evening and night. As a result, the reservoir level becomes high early in the night, and the level-based control decreases the production flow. As a consequence, less water is produced or transported and therefore less energy is consumed during the period with low energy tariff (see also Figures 1 and 6) . Figure 9 shows the shift in energy consumption for the different components of energy consumption for all five examined systems. The The combination of the lower specific energy consumption and the shift from high tariff to low tariff results in lower energy costs of 1.7-7.4% for predictive control compared to level-based control. The results show a relatively large variation between the five examined water supply systems. This variation was caused by the fact that the five systems have quite different configurations, as can be seen in Figure 3 . As observed in Figure 5 , there are also large differences in the way the total energy consumption is divided over the components. The presented differences in Table 2 (of specific energy consumption, energy use during high tariff and energy costs) are not fully representative for the real difference between the control of the systems. Table 3 shows for each of the water supply systems which part of the energy consumption is influenced by the method of control, and how the differences in energy costs are related to the influenced energy consumption. The table shows that the observed differences between predictive control and level-based control are relatively larger when the differences are related to the influenced energy consumption.
DISCUSSION
Relation production variation-turbidity
In comparison to the period with level-based control, in the period with predictive control at all five systems lower turbidity values (and particle volumes) and lower production variation values were observed. However, the relation between production variation and turbidity is weak (see The second factor relates to the flexibility of the system.
If there are large buffers in the network and pump and treatment capacity largely exceeds the average demands, a large range of operational control strategies is possible without violating the boundary conditions. Among the very different control strategies, the most efficient can be selected by the optimal control algorithm. In systems with less flexibility, the range of possible control strategies is smaller, and therefore the potential savings are smaller.
The third aspect relates to how much the energy consumption and costs are influenced by the control. If pump efficiencies or pump heads change dramatically depending on the control of the system, or if there are large differences in energy tariffs, potential savings can be very high. In systems where the control hardly influences energy System #5 100.0 À7.0 À7.0 consumption and where tariff differences are small, the potential savings are much smaller.
In this study, there was quite a large difference between the examined controls (factor 1). However, in the investigated predictive control algorithm, a constant production flow was the main goal, and not the energy and cost reduction. This limited the energy and cost savings of the investigated predictive control systems. The flexibility of the systems was limited due to relatively small buffers in the system (factor 2), which also limited the energy savings.
The dominant factor that the energy savings in this study were limited, is that the control did not influence the energy to a large extent (factor 3). This is quite different from other studies, where the water supply systems have large high reservoirs (which can be filled during low energy tariff) and where pump efficiencies are highly influenced by the control strategy. Bunn & Reynolds () show examples where the pump efficiencies vary up to 20%.
Other aspects
The experiments were carried out in a relatively short time and a limited number of parameters was studied. Therefore this study describes not all differences between the levelbased control and the predictive control of a water supply system. Some differences can only be measured over a longer period of time. Two factors which were not highlighted in this study are wear of pumps and valves, and the occurrence of process alarms and alerts. Both of these are reported by Keuning et al. () , who studied the effects of the implementation of predictive control at one location in less detail, but over a longer period of time. Keuning reported that predictive control resulted in less wear, because of less variation in the operation, and therefore less starts and stops of pumps occurred. The value of the production variation in Table 2 is a measure for the number of starts/stops of pumps. As can be observed in the table, the values for level-based control were some three to eight times higher than for predictive control. Keuning also reported that failures and alarms occurred less frequently when using predictive control, because processes switched on and off less often. At each switch there is a small risk of a failure in the installation, resulting in a process alert or alarm.
Another factor is the ease of operation. The process operators of system #1 and system #3 stated that the most valuable aspect for predictive control for them was the ease of operation. With level-based control, the operation demanded much more attention, especially during high demand periods. The predictive control was better able to cope with changing demand situations and to adjust the control accordingly.
CONCLUSIONS
Experiments at five full-scale water supply systems prove that predictive control will lead to a better water quality and a more energy-efficient water supply compared to level-based control:
• The production variation was three to eight times lower.
• Turbidity values were 12-28% lower.
• Particle volume values were 12-42% lower.
• The overall energy consumption was 1.0-5.3% lower.
• The overall energy costs were 1.7-7.4% lower.
The quality improvements were the result of the fact that the variations in the production flow were on average some three to eight times lower for predictive control compared to level-based control. Variations in production flow resulted in peaks in the turbidity values of the clear water.
The observed higher energy efficiency was the result of more constant production flows which lead to a lower average energy consumption. Moreover, relatively less energy was consumed during high tariff, resulting in a lower energy bill. Both quality improvements and higher energy efficiency make predictive control a valuable asset for water supply companies.
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